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I: 1. INTRODUCTION

The development of high power lasers has siniwltan('o)uslV1 gtvuerahtd

a requirerment for the development of windows capable of traiinmittinig tho

laser '--airn :rrm one, environment to another without significant distortion

of thc''.2 front. At one tinme, the best available windows were aerodvuaii.11i

windowVs. However, they are not suiteci to all interfaces. Therefore, iln

extensive p-.rogram of material development was funded by the U. S. Govern-

mnent to devclop solid state windows C apable of transmitting high energpy nnd

high intensity laser bqams for all useful wavelengths. These programs have

born fruit in that there are now available improved! window materiails and

coatings. It is reasonable now to propose to use solid state windows with

all except the highest power lasers tinder development. There has arist-ti

the need for a facility where windows may be tested for suitnbility for bo)th

pulsed and CXV lasers.

This test facility should have the capability to measuire changes in

optical and mechanical properties of the window while transtmittinp the laser

beam. For this., one needs access to high power pulsed and CW lasers, suich

as those available at the Avco Everett Research Laboratory, Inc. Therefore-,

an integrated research program has been authorized by the Adlvancedl Projvcj

Resear(:h Agency (ARPA) to be monitored by the Air Force (Cambridtv

Research Laboratories (AFCRL) which calls for modification o)f in exNiSt ill"

I10.Oi- high power laser test facility for use with windows of various types.

It will also he available under the authorization of our contract mionitor to

other laboratories who wish to test and evaluate their own rmaterialIs.

-3- Preceding page blank



One of the available lasers at Avco is the I1131,* industrial

laser. This can deliver a continuous beam of radiation at 10. ( Iral

with a power of about 15 kilowatts. A separate test station is being,

constructed for window testing. This is described in the next section.

The experiment is mounted on a special moveable table so that it can

b. transferred to other lasers for testing at other wavelengths or with

pulsed beams. One of the pul:=ed lasers is the 10. 6 Ani "breakd)\wn"

laser which can produce 80 J pulses of about 100 microseconds duratit'u.

When focused, it yields intensities approaching 10 9 W/cII 2 . 01 1,,"

last.rs with evcn shorter pulse lengths, high,.r powe'r, ,,r ,ilh,.r wav-

lengths are available when scheduled.

Among the first materials to be tested at Avco will be diamonds.

Some diamonds, called Type II are highly transparent to 10. 6 Jim radiation.

These are considerably rarer than the Type I diamonds which are not as

transparent at this Wavelength. The problem is to select the Type II

diamonds before embarking on the expense of cutting and polishing windows.

The selection may be done by examining the infrared and ultraviolet

absorption spectrum of the uncut stone. As will be shown later in this

report, Type II diamonds are transparent at 7. 9 Jim and at 0. 25 j.ir whtreas

Type I diamonds are not. The latter wavelength is easily obtained with

a mercury arc. The diamond merchant can make a preliminary selection

arnong his specimens by a simple photographic test. A description of this

test is contained in the third section of this report. In the fourth section,

som. preliminary tests are described with GaF 2 windows exposed to a

F-F pulsed laser. Finally, there is a discussion of the future plans for

the window test facility.

Trademark of AERL, Inc.
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11. DESCRIPTION OF HPL INDUSTRIAL LASE:R

TEST FACILITY

Thc laser is a closed cycle CO machine producing a 10. 6 lJni beam
p: 3p)roximvtclv 15 kW. (I) The output beam is collimated with a dia eter

o: 1. 8 cm and is transferred by mirrors and actuators to several work

stations. Fach work station may command the laser and has its own

sa.fcty int,.rlock svsterm. When one is in use, the other stations jiiay

safe-ly be ,:ntrred for tU st preparation.

Trhe laser power control has closed loop feedback. Th. p,,wcr,

its rat- of rise and fall and the exposure time may all be varied by

controlls at each test station.

The window test station is the third to be added to this laser. It

is housed in a room about 6 ft sq having lucite panel walls. The experim-mtor

may view the expe-riment and operate the 1,ser from outside the room with

copin ';t,' safety.

Th: laser beam is brought to a sharp focus with an f/21 ttlescopo.

Diamonds and oth,-r small specimens may be put at the fouts. .'or ]a r"'er

bears, the test spccimen can be located off-focuis. The las(r mirrors-

and the hold,.r for the test specimen are cooled by circulating wat,.r thr,,igh

a closed cycle heat exchanger. The water temperature, is continuotisly

maintained at 95 0 F and thus there is no condensation of moisture ,,)n the.

surfaces ,-vetn on humid days. After passing through the test specime)l, the

beam is rec,:ived in a calorimeter and the power measured. Altcrnativ'ly,

it may be absorbed in a beam dump. An exhaust is provided for roro,,al ,,f

fumes generated either from the test specimen or from the besm runip.

(1) Hoag, F., Pease, IH., Staal, S., and Zar, J., P(rformance( Characteristics
of a 10 kW Industrial CO 2 Laser System, Applied Optics 13, 1919, 197.1.
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The entire experiment is mounted on a sturdy optical table and ,nayh-.

moved to other lasers if desired. In addition to water cooling, ,ompress-,c

eases are available for flushing the surfac- of test samples. I,w are

controlled by a solenoid valve.

For instrunrintation of the test, :1 second [aser beam fron ;, v :iii,

k.isr such :is heliun neon, is passcd through the window il , sni,.l 1,11,1'

I,, the. he,;%ting b.am. "'he ch.nges in the window th;It ,'u'cm .11',.

ly i,.t nce. 'lhe window is inclured ini ()ne- 1,.g o)f ;t tel.t, I,-Z'

int,.r,.ronte r. A camera is used to photograph the rt,pit. . , p. tie i.

There is also available one or more thermocouples and a strip t hart

recorder for recording temperatures. Other types of instrumentation may

be added as required by the experiment.

As of the (late of this report, the test facility is being completed

anr: it will shortly be calibrated for the available power. beam si.e and

distribution.

Bl
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Ili. DIAMOND Si-:CTI rRA

Wk. hav,. ,xamined 47 natural diamonds ti) d,.tt.rmint he, infr . ,eJ

the ultraviol,t sp,.ctra and have measured the absorption c -fficii, f,,"

i i. 6 jLri rarhratio-i. lhe diamonds were in the shape of dis" , It,,i, .. tI,

. " nm:i diarnttr by approxirnatcly 0. 5 mm thick; clear natuiral ston,.s

The UV s,.,.tra wter,, obtained with a Cary Model 171,(, spectromt,.cr

and th, infrared spectra with a Perkin Elmer M(del 457 sptectroTtl.tt.r.

Becaus. th,' diamonds were small, it was difficult to concentrate su ffic it-iit

light intt.nsitv through them. Therefore, a Perkin Elmer 4N, All Reflectinu

B'arzi Condcnser was used with the spectrometers and the instrumnnts

adjusted to give at least half scale deflection of the recorder by r.ducing

the intunsity of the reference light beam.

Figure. I shows the ultraviolet spectra obtained with repr.sentrt .Ve

diamrnds. These. are shifted by an arbitrary amount along the v.rlical

(intensity) -cale so that they do not overlap. The number on the right tv

the ide:ntifying serial number of the diamond. It will become, apparent

from the mvasurement of J3, the absorption coefficient at 10. 6 jirm

d,.scribed in the next section, that diamonds 11 3 and 28 hav, the lo\vst

valus of j'. Diamonds #43 and 38 have much higher 13's and the others

fall in betwe:e.n. Figure 1 shows that diamonds with a high [1 (#4, 1 atid S)

also hav- a high absorption coefficient at . 25 j m whereas dianion(s With

low I, (i 13 and 28) also have a low absorption at this wavelength. This

figure further shows that the precise shape of the ultraviolet absorption

e:dg(e is variable.. For instance, diamonds 46 and 23 have very similar

shaped ao.-orption edges whereas we shall find a factor 3 diffvrenn'e in the

values of .

Threse were kindly lent to us by Lazare Kaplan 8 Sons, Inr.
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Figure 1. UV! absorption spectrumn of represn-nta:ive --arnppi diamond disc



It w,'& I(It ,e v,.iry isl- il i' hw transilar(,n 'y at .5 1l.11 co)iil'i 1)1- ,),.I

-i s a hasis for sl,.tion of the uncut stones. In #)r(l(!ir I.to r'ha)cti.riz(,

tht, spectrum by a single number, the following definition is used. The

transnission at . 25 Jir, I Z5' is compared to the transmission at 40 jinx•

I 10' measured with the spectrometer. The relative absorption at Z -5 Jim

is defined as

A 2 5 = 1 -(.5/1. 40) (1)

Table I 1i. - all of the d-ta obtained for the 47 diamonds. The values

of A 2r art, given in column 3.

In a similar way, the infrared absorption spectrun was obtain'.,

froi .. ; ji.Li to 1 5 11n). These spectra are shown in I'igur 2 Iur th flis..i.

dialil,'ds. Auiain, thu curves are displaced along th., intensity scale 1,,

)r(!%,(.nt ov.rlapping. (The discontinuity in the spectra at 5. 0lirn is dite

to automatic switching of the spectrometer optics which occurs at this

wavelength.)

Some: diamonds, notably numbers 13, 28, 42 and 39 show no

significant absorption in the region from 7. 5 to 8. 5 jAm. Others, notably

nurrlwTIrs 38 and 43 show a very well pronounced absorption band and still

others show varying amounts of absorption. This band has been attriboted

to interstitial nitrogen atoms lying in the (100) planes in concent rat ions

up Lo sCv ral times 1020 atoms/cm 3 . (2) The nitrogen impurity in nalmrai

diamonds r:duces the thermal conductivity at low temperatures )v al),w,,t -

,.rde_-r of nignitude, presumably by scattering of phonons. It alst) incr,;m st.s

the indent hardne.ss and reduces the plastic flow by interfering with the

migration ()f (is],,eations. A pronounced absorption band at 81Jm ,nyV .IIso

have a sig.ifi,:ar,. tail extending to 10. 6 jim and thus increase 11 I,,r th.

window at this wavelength.

(Z) Strong, 1I. M. and Chrenko, R. M. , Further Studies on Diamond G(rowth
Rat,:s and Physical Properties or Laboratory-Made Diamonds. ,J. lhys.
Chf:m. 7;; 1838, 1971.
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TA13LE I DATA FOB DIAMOND SPECTRA AND ^1 SORPTION

.Specimen Thickness A A ~Exposure Incident Transmitted A T Absorbed Uncorrected 11

0, 25 Time Power Power power -

cm sec. watts watts 
0 C watts Cm cm

S.974 .321
.914 .262

1 .989 .384
4 .048 '87( 408 10.3 33.1 17.4 62.6 1.37 3"2 .?

.053 .885 .209 10.2 25.6 I8. 6 47.8 1.01 .76 72
., 980 .421

7 .996 .458 *
h .996 .340 4
q 1.000 .583

I0 1.000 .576
l .920 .277

a- .060 .747 .102 IS.1 32.2 19. q 37.2 n1., .

at .042 .480 .006 43.9 34.9 16. #, 2S.4 0.111M 04c; 

14 .925 277
.986 .310

0. 1.000 .900 Diamond turned black in a few .econds.
17 .985 .407 4
ii .998 .440
I' .977 .326

Z'; .036 .914 .259 15.1 29.8 18.0 49.3 .7c .71 .80

21 .961 .263
1.000 .586

23 .079 .830 .196 15.4 26.9 18.6 24.1 .32 .1r .11

24 .051 .938 .207 15.3 27.9 18.9 31.4 .46 .33 .35

2; 1.000 .973
2b .976 .336
27 .986 .327 *

2 .052 .446 .048 39.5 36.2 16.8 23.5 .028 .015 .021

29 .070 1.000 .624 15.2 24.1 16.5 123.0 2.07 1.28 1.23

30 .943 .273
11 .053 .847 .113 24.9 32.3 17.9 47.3 .46 .27 .34

z 988 .406
5048 .863 .130 15.3 33.3 20.2 25.4 .35 .22 .27

34 !.000 .330
35 .051 .857 .123 15.2 27.1 19.2 40.9 .63 .46 .45

.989 .406
57 1.000 .442

3 .039 1.000 .481 13.8 29.1 18.1 65. H 1.08 .97 1.07

1 .056 .636 .026 9.5 34.9 18.8 2S.3 .41, .24 0

4n .841 .154
41 .990 .371
4Z .047 .526 .083 13.7 37.2 18.5 Z1.9 .Z(, .1 .21

41 .056 1.000 .633 8.0 25.0 1.9 99.5 V.r(, 1.92 1.91

44 .982 .391
45 .979 .297
4f. .000 .813 .210 15.2 25.5 18.3 66.4 1.08 .72 .81

47 .846 .277 *

N,,t tested for 0

-10-



............................ 42 - -

-11--



All of the diamonds were transparent at I,. 5 1im. "'le spectra h,-ivc

been characterized by a relative absorption A7. 9 which compares the

transmission at 7. 9 jm to the transmission at 12. 5 Jim as read from the

spectrogram.

A7.9 1 (17. 9//112. 5)

The Values of A7.9 arc given in Table i, colunin 4.

The correlation between the absorption at . 25 ILtn and at 7. i :,

presuntud in Figure 3. Here, the circles represent the individucil iiamc'i

numbers and the relative absorption values are cross plotted. Onk' sces

that those diamonds with low values of A 25' namely diamond number 13,

28, 39 and 42, also have low values of A7. 9. Presumably these are

Type II diamonds and should also have low values of P. There is a group

of diamonds with values of A7.9 only slightly higher than the aforementioned

four which have higher values of A Finally there is a very large group
.25*

of diamonds with high values of absorption at both wavelengths. These

latter are very likely to be Type I diamonds.



_ _8_ I
.6--~-- _ _---.

I .- .- - - __ _

5.A)_

.2~

0. 1 .2 .3 .4 . .6 7 .8 .9 1.00

E6218 (A). 2 5

Figure *3. Correlation between absorption at 7. 9 J.Lrn and 2 5 j1Lni for
47 natural diamonds.



IV. DIRECT ABSORPTION MEASUREMENTS

The diamonds that were chosen for a direct determination of 13

at 10. 0 Anm were all of those with low and intermediate values of A

and some of those with a high absorption. Thus, the distribution of jis

could be obtained to reveal whether the transparency to the . 25 ALm

ier ery un.tn, corrdaed with f1.

1', (*..\ ;-x~i rf .nt consisted in passing a focused 10. 6 Ii I,;is,,r ba,

thr r,:ueh th, , anii ,mni d, m 't-asuring the incident and transrnitt.,.rl intensity and t1.

huatin,. re:sulting fron absorption. The diamonds were sufficiently parallel

across the small irradiated spot diameter so that internal reflection would

ntcrfer to an unknown degree with the transmitted beam. A correction

was therefore applied to the measurements to give corrected values of ".

Details of how this was done are given in Appendix A.

The laser beam was approximately 20 watts, obtained from a

Pt.rkin Elmer Model 6200 CO 2 laser. A collimated beam, 1. 3 cm diameter

was sharply focused through the diamond with a copper mirror of 10 cm

focal length. Approximately 12% of the laser power was transmitted through

a hol: in the mirror into a differential thermocouple calorimeter so that

the laser power could be monitored. After passing through the diamond,

thu e-ne.rgv was recm-ived on a calibrated absorber and integrated. The

temperatuire rise of the absorber was recorded and converted to the trans-

.nitted bearn nt,:nsitv. For the incident beam intensity, the diamond wls

removed from the sample holder and the transmitted beam rneasured

directly. Th,: specimens were clamped between two thin copper discs

having a h,-lk: for transmission of the laser beam. A copper-constantan

thermocouple was attached to the holder. Absorption of energy by the

diamond was trar.smitted to the holder and the temperature recorded.

The weight of the copper diamond holder was . 5 9g. Its heat capacity was

•-j/'C;. The: hvat capacity of an avelage mizt' diamond wnm . 003(,/oc.

Preceding page blank



A corre.ction is needed for the amorn t of ,.irgy that '::t interc,'pt,"l

by the diamond holder from fringes of the- laser beam. Ther, for,, a

calibration run was made in which the htating of the holde.r aloi,' was

it'asured as a fimction of the e!cposur(, tim. This was not Ii,,.a" with

time. be.cans,' the diamond holder was constructed of a nmber of mnter .riaI:i,

,',,pper, stainless .te(l, phenolic, etc. , each with a different I.he-,rmal

diffusivity. The exposure time for various diamonds was also differe'nt.

Those with the highest absorption coefficient were given short e.sposures

to prevent overheating and those with low absorption were exposvd for

un-er times.

The power absorbed by the holder alone was about .08 watts. Thib

was substracted from the power absorbed by the diamond plus holder to

give the absorption of the diamond alone. This correction was usually

quite small. For example, the diamond #28 which had the lowest value-

of [ plus the holder absorbed . 202 watts and diamond 111 3 plus the. hol,.-r

absorb-d .Z24 watts.

The re!sults of the direct absorption ,.xperirnent ar. a ls,, shown

in 'I Ahle 1, columns 5 thru 11. Column 5 is the exposure time, (, giv.

the incident laser power; column 7 is the transmitted power; colurn h

is the temperature rise of the diamond andholder; column 9 is the pow,.r

absorbed in the diamond alone. Column 10 is the value of P obtained

without correction for interference between the transmitted and internally

reflected beam. Column 11 is the value of P5 obtained after correction

for this effect. The values of P are plotted against the relative absorptiv71

in the infrared, A,. 9 in Figure 4 and against the relative absorption in

the ultraviolet A25 in Figure 5. Note that the scattering in the data is
amplified by the use of a logarithmic plot. The lowest value of 13 that

has been observed is .021 for diamond No. Z8.

The data shows that A is a rough guide to the value of J but it
.25

is not quantitatively reliable. For example diamonds No. 28 and 13 have

similar values of A 25 but a factor 3 difference in P.

-16-
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.02 _ __
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E~ro77(A). 25

Figurc: 4. Distribution of absorption cocfficic.nt, 13 vers;us absorption
at 2 5 )Lm for Type I and Type 11 diamonds.
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Figure 5 Distribution of absorption coefficient, 3 versus absorption
at 7.91im for Type I and Type II diamonds.
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Approximately 20% of the diamonds have values of 13 less than .

however, if a selection had been made of those diamonds with values of

A 25 . 75, only half of the low P diamonds would have been found. The

conclusion of this spectroscopic study is that if diamonds sh, w a high

absorption in the ultraviolet, they also have a high absorption at 10. () m.

If they show a high transparency in the ultraviolet, they also have a low

absorption at 10.6,Ljm. However, there are a number of diamonds for

which the ultraviolet spectrum is an unreliable guide to the 10.6 jnli ahsorp-

tion.

-19-



V. DESIGN OF DIAMOND I()I.I)EIV

. i'ivtr(.s 4 .irnl . o, v., th;it wv1 I ' tim,,I ,lj inamU,) , s I r \\ :,,tIi .-
\ ilh i (' -

I  I},, nli.,rlio ld (- tta~r. .;.,yr tim.,t IIy I,,.,y Ia.,v,. ,tilt,'ailtv

I i t IIIti L IIIt'! Ihi ti -r ftin li 11 I)',ausv '  th dai r ai.,r III '- rat I. L, .p k

nrv t ht. rator-t ,.xpt-t Il ;Il absorpti'n by the window of ( , or I.ss ()I' the,

trtnsrnitt..,; , . 'Inle diamond t,.mperature may not exct-ved 800 0 C, the

temperaturi, at which transition to diamond becomes accelerated. Th.

transmittedr Dower therefore depends on the efficiency of cooling of the

window that can be provided.

A water cooled window holder has been designed in which the ,tiamond

is clamped at the edges of its parallel faces between two water cooled cop )er

discs. This is shown in Figure 6. A small hole in the center allows Ihe lasc.r

bean I, be transmitted through the dianondi. Thin anniflar gold wa sht rs (is-

I.ril,,a ¢, th, ,e]c, iin. frrc. lniftrily to th- wirilw s rf;,ra -. W.tr fl,1,1: ,

i II., I ve-1, 1 ,4 ) l r i gtVII Ir nIf t:trl;l (:l w illi the. ,.,l .q. ,I 1h. el,.1i , 'l lay 4 ,,, t r,11 I itll

the htod r in 1,i.* shape of a nuY.z.le, with th(- wii,(a w ItacatedI ;tt it,. staiilesi , r,,sx

section. In addition to high coolant velocity, the dianiond holder introduces . wilI

to further improve heat tr.nsfer. It is estimated that a Reynolds Numbt-r

of about 40, 000 will be reached by the water flowing over the diamond surfact.

The expcted heat transfer coefficient will be about 6. 7 watts/cm deg. If

we allow the diamond temperature rise to be 600 C, the heat transfer to

water will b .,00 watts. For an absorption of . 06, the transmitted laser

power may be 25 kW. In addition to the heat transfer to the water, there

is also conduction heat transfer to the cooled metal surfaces that clamp

the edge )f the diamond. However, in this case, the heat must be transferred

through m,.tal interfaces. According to McAdam 3} the contact coefficient

for heat, transfer between machined surfaces under moderate pressure is

S1. 7. In our diamond holder, there are two such surfaces in series

(3)

W. H. McAdams, Heat Transmission, McGraw Hill (1954).
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nl tw,, i )parvalll giving 1. 7 as an ,,stimate of the r,.stllrnl. c.,m hilcti,, h nl

tranzsi, r o ciwfficint. Th1 '- lrnped surfact, will Ihav(- ;16,,i1 111, S;1 1t,1. ;1 t :S

thl %w ttr r ,tithtd s ivac'i, , t ,, rt.f(,rv , it i s ,.stiriat,.d that th. cm it liiCjutimr

h,'at rtm,,vil will ,nly h!. abhm t e 1%/ ) of the h,.at Iransf,.rr'd rlrr,llv ti ) .,l,.r

at the ,'rl"I( .,f Ih,. winlow. This I additional maig i s l v I harn suffi cit-1

to 'of lpe sat,. f,,,- a, ,th,.r sotircfe of tem peratuir, , to bi- disctissd nvt.

In adc ition V.o thi:' AT at th, surface, there is also a radial temp. ratur,

dis ributin _% T,'r) lrit t,) the heat conduction within the diamond.

rhe ,ax.,,- vnluv of :, T(r) depends on the distribution of laser flux.

It is clt.ar that th,. smaller the spot diameter, the larger will be the con-

cluctior. AT. -. ,- a foca' spot of . 2 cm radius, the central temperature

rise is about 35 0 C or about 7% of that at the surface. The conclusions

of these .stimates is that it should )e easy to transmit the laser beam

fron ,ur 15 kW tIPL industrial laser through a diamond window. Addit ijnal

inffrmatiorn on the diamonds and the window holder will bc crontajii((l in

the r,:port for the: next period.
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VI. EXPERIMENTS WITH CaF 2 WINDOW MATERIAL

Toward the end of the present reporting period, an opportunity was

presented to us to subject two samples of calcium fluride to a pulsed laser

beam fron an AERL, Inc. H-F combustion laser (X = 2. 8tim). This laser

had rcached an optical pulse energy of 60 J for 5 jI.seconds under the best

operating conditions 4 .

Or,, .: it.e oxpe..ritnents that was planned was to substitute deuteriun

for the hydrogen to test windows with a D-F pulse (3. 8 rn). However, this

procedurt- was not successful. For an unknown reason, the laser did not

perform well with deuterium. Hydrogen was then used and pulses of 23 J,

\vere obtained at the time of the experiments to be described. The energy

transmitted to the CaF 2 was a focused beam of 20J, 5 11second long.

The remainder of the energy was absorbed in a calorimeter used to measure

the beam power. The target specimens were single crystal CaF and

pressure induced recrystalized CaF 2  These were supplied to us I)v A 1,RL

as plane polirnhed prisms. The laser beam from the HF laser was twice

reflected fron copper mirrors with 25 cm focal length. This produced

a rectangular focal spot . 2 by . 3 cm as determined by making preliminary

burns on an absorbing target. Before reflection from the mirrors for

focussing, 13% of the energy was diverted to a calorimeter by a saphire

beam splitter. The remaining energy was brought to a focus with an estimated

intensity of 6. 7 x 10 watt/cm2 (330 J/cm2).

(4) The d('vcloomcnt of this laser was partly funded by the Air Force and
partly by AERL, Inc. IRAD. For a description, see R. Limpaecher,
1. L. Chen, and J Daugherty, Development of HT'-DF Pulsed Chemical
Laser. Final ReIort for AFWL Contract F29601-73-C-0122 to be published.
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i kii. adiation producl-(d no visiblo damage to the wimd.,v.- i , in ally

,laxrrji .,-a-.tird. Thi' stri's I,w'v l that was 1 I V ql , I,# h,. i m111.,., il, 11,,

targ%.t as a result of thusu pulses is calculated by thI Vtt1i,, (,i dCSt' riltetl

in Appendix B. ,

It is shown there that the peak stress induced by a short laser iln1 ,

of unergy Jp and spot diameter d s in passing through a window is

a aE T J /2 1 2
p c p s

-6 K-I o t
This is evaluated for CaF 2 by using a = 19.7 x 10 K for the

expansion coefficient, E = 7. 58 x 1011 (1/cm 2 for the moduls of .lasticit%':
andT 188 I(-3 2

and T = 1.88 X 10 cm K/i for a characteristic constant aplpropriat,

to GaF) having an absorption coefficient (3 = .004 cm The result is

= 2. 0 x 104 Jp/ds 2 d/cm 2  (4)

In the present experiment J was 20 Joules and the measured spotp
size was . 2 x . 3 cm. This gives a peak principle stress of 1. 0 x 10' d /cm 2

The yield strength of CaF 2 crystals is given in handbooks as 3.7 x 10s d/cm

Therefore we did not anticipate that the crystals would be damaged from the

transmission of these pulses.

Development work on this laser will hopefully continue and it may

be possible to do additional testings with more energy on a smaller spot

size!.
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VII. CONCLUSIONS

The laser window test facility should be available shortly for

subjecting various types of window material to high intensity CW

and pulsed lase!r )earns. Distortion or lensing of the window will be

oJbserv(!d by interferometry and other effects observed by temperaturc

rise or stress mr.as2r:n-ment.

Among the first windows to be tested will be Type II diamond

plates. In selecting stones for use in making the windows, ultraviolet

absorption spectroscopy is a useful guide although this may lead to

overlooking of so.me useful diamonds. However, even if the absorption
-1

coefficient is as high as . 3 cm , it should still be possible to make a

window that will pass 15 kW of CW laser radiation power without

damage. Additional IR absorption spectroscopy will be useful also.

In the next reporting period, we expect to have tests on some diamond

windows and also some windows of other materials.
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I
APPENDIX A

CORRECTION OF P FOR INTERNAL REFLECTION

This theory is based on the treatment in Born and Wolf ( 5 ) for

the transmission of a plane electromagnetic wave through a dielectric

plate having parallel faces. Let n' be the refractive index of the plate

and n that of the surrounding medium.

The following dncorrected quantities are experimentally measured:

I Incident Intensity = A (i) A (i). This is measured

with a calorimeter located behind the aperture in

the sample holder and with no specimen in the holder.

Here A(i) is the amplitude of the electric field of

the incident wave.

I feff = Transmitted Power. This is measured in the

same way as I except that there is now a dielectric

plate in the holder.

I eff = Absorbed Power. This is determined by measuring

the temperature rise of the plate, plus holder and then

subtracting the temperature rise of the holder alone.

ICE ef = (Cpn AT/T)sample + holder- same quantity

for holder alone (Al)

where Cp is the specific heat

m is the mass

A T is thc temperature rise and

T is the exposure time.

(5) Born, M. , and Wolf, E. , Principles of Optics, Pergamon Press
(1970) p. 323 ff.
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Lt:t l-,]"  be th, fraction of the amplitude that is absorld lV the' ltti ill

a singl, pass. (1-a) is the single pass absorption of the wav intcl-sity.

It is related to the absorption coefficient 13 for small values of ji 1,y

,] = exp (-Pd) _ I - Pd (A2

where d is the plate thickness. Also, let 6/2 be an arbitrary phase

change of the amplitude in a single passage through the plate.

Furthermore, following the notation in Born and Wolf, i -i!

he the reflection coefficient and transmission coefficient for thu L,-plitude

of a wave striking the plate from the surrounding medium; and r' and t'

bc the same quantities for the amplitude of a wave inside the plate.

These are related to the reflectivity of the plate, and its transmissivitv

. for single passes of radiation

=-r r' = n (A3)

4 n'

t t t, - (A4)
(n' + n

+ - (A5)

The problem is to find Tj by using the measured quanties .e and

' eff"

The reflected amplitude from a plate with multiple internal

reflections is given by

A(r) - A(i) r + r'tt' e!6 (l+r' 2  i 6 4 r eib i .

: A(i) jr 4 il r' tt' ci6/(l-i r'2 e 6 )j (A6)
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Using r = -r' and (A3) to (A5) we have

A(r) = -A(i),f, (1- t el)/(i- t ei ) (A7)

The reflected intensity = A(r) A (r). The reflectivity

:ff = A(r) A (r)/A (i) A (i)

22

S,. : + 'n -27 cos + Z9 Cos

(1-n) + 4n sin2 6/2

e(ff 0 -I)Z + 4n Q sin 6/2

In a similar manner, the transmitted amplitude and intensity

is obtained for multiple internal reflections.

A(t) = A(i)tt' q + r'2 'qI e i6 + r' 4 71 e ? 6 +

= A(i)tt' I/(1 r' 1 i6

=A (i) 'd) /(l - T e") (Ag9)

The transmitted intensity = A(t) A (t)

The transmissivity ze = A(t) A*(t)/A (i) A*(i)

f f 2'1/01 +R2 72 - 26 cos 6)

.eff (I-R71) + 4k1 sin 2 6.i (AlO)
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W, i,'.v 'linitinat,. 6 by a (:hanmge in variabl, I.

x = Ti sin 2  6,1 (A I

and substitute in (AI0)

[i2 - ef- (l1-)Z j/4 Jeff 6 (A 12)

This is now used in (A8)

eff = (J e ff 4 m1 4 fl ,7(fft ("

This maybe solved for il from the quadratic

2 eff .ff) - eJ 0 (Al 1)

For diamond, n' = 2. 415, = 1717 and 7 = .8283. See (A3)

and (A4). R eff can be obtained from the measured value of Ct .ff by

,i eff + Reff + C e ff = 1 (AlI1

Finally the value of P is obtained from (AZ). The results of this

calculations are given in Table I.



APPENDIX B

WINDOW STRESS FROM FOCUSSED LASER BEAM

Conmsider a laser bani (if pulse energy J and pulse dluratim I

It is focussed throtgh a window of liarineter 2b and the i rr;ait-l .1, re..,

has a dia n.ter (I . (F'r a niultimode laser, d may be many timets

lart;,r than the diffratrtion limited spot size). The window has a thickness

L and an ab.,.t;on ,oefficient P, so that the energy deposited in the

window during the pulse is

Q w =Jp [l-exp(-3) (BI1)

The distance rd that a heat pulse diffuses is

rd (B)

where x is the diffusivity (=. 0293 for CaF 2 ). Depending on the pulse

duration, the heat may be confined to the initial zone, d , or it mays

diffuse to a largerozone of diameter Zrd. For the CaF window, it is

known that d2 is much larger than Zr Therefore, the temperature

distribution is the same as the intensity distribution, I (r). Note thatp
T(r) is independent of the window thickness.

T(r) = PI (r)t /pC deg K (B3)
p p p

The e-quation for radial stress o r and tangential stress a 0 in

a thin circular disc with temperature symmetrical about r 0 is given

by (6)

dor  
0 r - (

dr + r - 0 (B4)

(6) Timoshenko and Goodier, Theory of Elasticity, McGraw Hill,
(1951) p. 4 0 6
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Copy avaflciblc to DrC doos not
pcrr..t fuljly h4113 rcp- Ciijction

I life, r .t i,. u-f: oif rad ial .iyill- II 1.

r'. gi/r Iy

aL r-iT = r V 0r

r rrI~'*

w-,here is the coefficient of linear expansion and v, is Poissn's ratio.

The diffe-rential equation may be integrated I)% noting that for ein tn ,

r (I ( V

This gives

- T rdr 4 I- : I%)z1P'

0

00 = j Trdr -a.ET +---- Ec~ ±l]v 21v
= f

C2 must be zero in order for c to be z.ero at the origin. At thte edge

vhc-rq: r =h, we must have a r0. The!refore

The final equations for the stress in a thin isotropic plate

U IE [T b f Trdr + f r Trdrl ]7
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We be.lit-ve! that for the H-F laser, I has a flat topped distribution.

.p

I - 4 Jp/7rtp ds 2 W/cm 2

for 0 <2r < d
- S

I = Ofor Zr > d (B8)

On substitutII.L' in (B3) it follows that

T = T J /d Z for 0 < 2r < dop S - - 5

2
= 0 for r > d (B9)s

where T = 4/7rP c0 p

Using J3 = .004 cm 1 and pcp = 2.71 J/cm3 K for CaF 2 ,
T 188 1-3 2

T = 1.88 x 10 cm K/J. On substituting this result in (B7) we

find that for short, flat topped laser pulses,

= a E T Jp/Zd S for 2r < d

r 1 E T J /8) -- r Zr > d (B10)

The radial stress is in compression. It is proportional to the beam

intensity and is constant within the irradiated region, decreasing as

1/r 2 to zero at the boundary

a 0  a for 2r <d

U( - (iE T J p/8) (b1- + r ) for 2r > ds
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Co~iy a"voilabio to DDC2 rjot , n'ol

' permait fully lubie r p,;ciu~ ica

I h- L:t r n1 '4ati l] str,.ns rf-vt:rs .s frorr (:otriJr(ssion in. s ! , '

• ,prto ttnsion Jutside: and th(tn hecomets we!aki. r as om / ni ov' , ,wrd Ifh,

,d(gt. (!' the window.

The peak principal stress is

ap = N a E T O Jp/2ds 2  (B12)

It is in compression inside the irradiated spot and reverses to the Fam,

zMagnitude of tension at the spot boundary.
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